Non-equilibrium steady state (NESS) conditions induced by DC current can alter the physical properties of strongly correlated electron systems (SCES). In this regard, it was recently shown that DC current can trigger novel electronic states, such as current-induced diamagnetism, which cannot be realized in equilibrium conditions. However, reversible control of diamagnetism has not been achieved yet. Here, we demonstrate reversible in situ control between a Mott insulating state and a diamagnetic semimetal-like state by DC current in the Tisubstituted bilayer ruthenate Ca 3 (Ru 1−x Ti x ) 2 O 7 (x = 0.5%). By performing simultaneous magnetic and resistive measurements, we map out the temperature vs current-density phase diagram in the NESS of this material. The present results open up the possibility of creating novel electronic states in a variety of SCES under DC current.
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After the discovery of high T c superconductivity [1] , an intensive amount of research has been performed on strongly correlated electron systems (SCES) in the vicinity of the Mott insulating state. A multitude of quantum phenomena have been found in these materials including metal-insulator transitions, ferromagnetism, and unconventional superconductivity [2] [3] [4] . In these studies, Mott insulating states have been controlled using various equilibrium parameters such as external pressure, chemical composition, epitaxial strain, electric field, and magnetic field [5] [6] [7] [8] [9] . More recently, various nonequilibrium stimuli have been actively investigated [10] [11] [12] [13] [14] . Such nonequilibrium stimuli can drive SCES into exotic states that are not accessible by other means. A striking example is the insurgence of giant diamagnetism in the Mott insulator Ca 2 RuO 4 upon the application of a DC current of a few mA [15] . However, in Ca 2 RuO 4 it is not possible to perform in situ control of magnetism because of its high electrical resistivity. Thus it is essential to search for a new class of materials which allows us to switch in situ electronic and magnetic states as well as to investigate detailed evolution of the material properties under current. Such materials provide unique opportunity to study SCES under nonequilibrium steady state (NESS) conditions and to construct the nonequilibrium phase diagram towards clarifying the origin of the NESS-induced phenomena.
An interesting candidate to achieve this goal is the bilayered ruthenate Ca 3 (Ru 1−x Ti x ) 2 O 7 , for which a Mott metalinsulator transition can be sensitively controlled by tiny Ti substitution [16] [17] [18] [19] . Pure Ca 3 Ru 2 O 7 , in fact, has a metallic and antiferromagnetic ground state which changes to an insulating state upon only 0.5% substitution of Ru 4+ with nonmagnetic Ti 4+ [17] . This leads to an increase of the resistivity up to 8 orders of magnitude below T MIT = 50 K [17] [18] [19] [20] . Hard Xray photo-emission spectroscopy revealed that Ti substitution induces the opening of a Mott-like gap below T MIT . However, unlike conventional Mott insulators, the resistivity below T MIT presents a weak temperature dependence [19] , suggesting a competition between disorder effects and Mott physics in the framework of Mott-Anderson transition [21] . These consider-ations along with relatively low resistivity at low temperature make Ca 3 (Ru 1−x Ti x ) 2 O 7 an ideal system to explore the possibility of inducing NESS effects in situ.
In this letter, we report the discovery of current-induced diamagnetism in Ca 3 [22] [23] [24] [25] . In this study, the starting materials CaCO 3 (99.999%), RuO 2 (99.9%), and TiO 2 (99.99%) were mixed in the molar ratio of 3 : (3−2x) : 2x. The feed rod (typical dimensions of 8 cm in length and 5 mm in diameter) was prepared by hydrostatic compression followed by sintering at 1000 • C in air for 2 hours. Single crystals were grown at a typical speed of 7 mm/h in a gas mixture of 90% Ar and 10% O 2 at a total pressure of 10 atm. Electron probe microanalysis (EPMA) with a commercial apparatus (JEOL, JXA 8500F) at NIMS revealed a homogeneous distribution of Ti in the grown crystals, with concentrations in good agreement with the nominal ones. The inset of Fig. 1(a) shows a photo of a typical crystal (Sample #1) with four electrical contacts. Most of the data in this Letter was taken on this sample otherwise explicitly mensioned. A Laue pattern of this crystal is presented in the Supplementary Material [26] .
We designed a sample holder compatible with a commercial SQUID magnetometer (Quantum Design, MPMS XL) for simultaneous measurements of transport and magnetic properties under DC current. The details of the design can be found in the Supplemental Material of Ref. [15] . We placed a barechip thermometer (Lake Shore, Cernox, CX-1050-BC-HT) close to the sample to monitor its temperature (Lake Shore, 335). The transport measurements were carried out with a current source (Keithley, 6221) and a nano-volt meter (Keithley, 2182) in a four-probe configuration. We used silver-epoxy arXiv:1902.02515v1 [cond-mat.str-el] 7 Feb 2019 2 (Epoxy Technology, EPO-TEK H20E) cured at 100 • C to provide electrical contacts with thin copper wires. Figure 1 presents results of simultaneous measurements of resistivity and magnetisation under various DC currents. We used an external field µ 0 H = 1 T applied along the orthorhombic b o crystallographic axis and parallel to the current direction. As shown in Fig. 1(a) , the resistivity above 50 K is metallic with a value of the order of 10 −3 Ω cm in agreement with the previous report [19] . Below T MIT ∼ 50 K, the resistivity shows a sharp step-like increase, reaching a value of 10 5 Ω cm at 2 K and 10 µA. This value is 8 orders of magnitude higher than that in the high-temperature metallic phase. With increasing DC current, the resistivity in the metallic phase shows negligible variation (see also Fig. S2a ). However, a large change occurs in the insulating phase, where the resistivity is gradually reduced with increasing current, becoming almost 4 orders of magnitude smaller at 10 K and 10 mA. Correspondingly, the current-voltage characteristic in this insulat- ing state is highly non-linear, as shown in Fig. S4 . We note that the resistivity curves show a shift of up to 2 K around T MIT , which is probably extrinsic considering possible Joule heating and slight variations in the sample cooling (further details in Fig. S3 ). The magnetization curves in Fig. 1 (b) lie on top of each other in the high temperature region and show a peak at the Neel temperature T N1 =56 K, corresponding to the onset of the antiferromagnetic AFM-a phase. The magnetization exhibits a sharp decrease at T N2 =50 K corresponding to the onset of the AFM-b phase [27] . We note that the AFM-b order and the metal-to-insulator transition occur at the same temperature (T N2 = T MIT = 50 K) and are accompanied by a structural transition with reduction in the c axis [28] . The increase in the magnetization with DC current below T N2 is attributable to a decrease in the stiffness [29] of the magnetic structure. The most interesting change is observed upon further cooling: M becomes negative below the crossover temperature T DM for applied current above 300 µA indicating the appearance of a novel diamagnetic state. As the current is increased, the crossover temperature increases as shown in the inset of Fig. 1(b) .
We use the measured transition temperatures to construct the T -J phase diagram for the various magnetic phases as a function of current density in cross section. Importantly, the emerging diamagnetic state in Ca 3 (Ru 1−x Ti x ) 2 O 7 coexists with the AFM order. This is evidenced by the presence of the sharp transition at T N2 in Fig. 1(b) for all the explored values of DC current. It is interesting to compare the current-induced diamagnetism of Ca 3 (Ru 1−x Ti x ) 2 O 7 with what is observed in Ca 2 RuO 4 . In the case of Ca 2 RuO 4 , the AFM order is completely suppressed with current when the diamagnetism emerges [15, 30] . Thus, the coexistence of diamagnetism with AFM order is a characteristic feature of Ca 3 (Ru 1−x Ti x ) 2 O 7 . As another important difference from Ca 2 RuO 4 , the lower resistivity of Ca 3 (Ru 1−x Ti x ) 2 O 7 allows us to access the full T -J phase diagram and perform detailed investigations of current-induced phenomena. By measuring the magnetization as a function of current density at 6 K (Fig. S6 ), we find out that the emergence of diamagnetism is a crossover rather than a phase transition. The resistivity also shows a continuous decrease as a function of current, but its slope changes at about 0.1 A/cm 2 , a possible signature of a structural and/or electronic change which is beyond the scope of the present work. The temperature dependence of the resistivity is rather continuous at T DM , indicating again the absence of a phase transition in the diamagnetic state.
We now demonstrate that reversible control of resistance and magnetization can be achieved by changing the applied DC current. As shown in Fig. 3(a) , we alternate the DC current between an OFF state (10 nA) and an ON state (300 µA) while simultaneously measuring the resistance (Fig. 3(b) ) and the magnetization (Fig. 3(c) ) with a constant applied magnetic field µ 0 H = 1 T. The magnetization changes between positive and negative as the current is cycled between the OFF and ON states. This is, to the best of our knowledge, the first demonstration of reversible in situ control of diamagnetism by DC current. The resistance concomitantly changes from a high-to a low-resistance state. We demonstrated that such alternation between the states is reproducible over more than 10 5 repetition cycles below 10 K ( Fig. S8 (a-c) ). This suggests that the occurrence of diamagnetism has mainly electronic origins, and possible slower and irreversible processes, such as chemical reaction or oxygen diffusion, play a negligible role. By repeating similar experiments with a reversed magnetic field of −1 T ( Fig. S9(a) ) or with reversed current of −0.3 mA ( Fig. S9(b) ), we confirmed that the diamagnetism occurs only in the current ON state irrespective of the current direction. This fact clarifies that the magnetic field created by the applied current via Ampere's law is not the origin of the observed negative magnetization phenomenon. We also note that the direction of current has no effect on the value of the resistance (Fig. S9 ), as also shown in the symmetric I−V characteristics ( Fig. S4 ). Concerning the time scale of the switching, we found that the resistive change occurs faster than 0.1 s and magnetic change faster than 20 s, which is limited by the slow repetition rate of our SQUID measurements. Further experiments with much shorter data acquisition rate are needed to reveal the dynamics of this change on faster time scales.
We now compare the field dependence of the magnetization with and without current. For this measurement both H and I are applied parallel to the b o axis. As shown in Fig. 4 , for I = 0 the magnetization exhibits a positive slope at all fields. The presence of a weak hysteresis and a change in the slope at ±1 T are consistent with the presence of canted moments in the AFM-b phase [27] . For I = 1 mA, M(H) has a negative slope up to 2 T, indicating negative magnetic susceptibility, characteristic of a diamagnetic state. We comment that this is essentially different from negative magnetization arising from other origins, such as current-induced flipping of magnetization reported in the ferrimagnet YVO 3 [31] or magneto-electric effects in multiferroics [32] . With further increase of the magnetic field, the magnetization slope changes to positive for µ 0 H > 2.5 T, after which also M becomes positive. At 6.5 T the magnetization suddenly jumps by a factor of 7, indicating the occurrence of a metamagnetic transition, where the AFM-b ordered phase changes into a field-induced ferromagnetic state [33, 34] . As an effect of this transition, the resistance exhibits a flattening around 6.5 T (Fig. S7(a) ). The existence of the metamagnetic transition provides an additional piece of evidence that the AFM-b order persists under current. We note that the metamagnetic transition without current was not observed in our sample up to 7 T. Thus the electric current promotes the metamagnetic transition, consistent with the reduction in the magnetic stiffness discussed above.
Because of the coexistence of diamagnetism and AFM-b, the magnetization signal contains both contributions. We attempt to isolate the diamagnetic contribution, which appears only under current, by evaluating ∆M = M(1 mA) − M(0 mA) as a function of µ 0 H (Fig. S7(b) ). The actual diamagnetic contribution would be greater because the AFM contribution depends somewhat on I due to weakening of the magnetic stiffness even at 6 K. We find ∆M ∼ −2.3 emu/cm 3 up to 1 T, a value comparable to that in Ca 2 RuO 4 under current and larger than those in the strong diamagnets bismuth or graphite [15] .
In the rest of this Letter, we discuss the possible origin of the current-induced diamagnetism in Ca 3 (Ru 1−x Ti x ) 2 O 7 . In its sister compound Ca 2 RuO 4 , similar current-induced diamagnetism has been observed and attributed to the Landau diamagnetism of light-mass quasiparticles generated by the partial Mott gap closing [15] . Ca 2 RuO 4 is a Mott insulator where d xy is fully occupied due to the flattening of the RuO 6 octahedra, and the d yz and d zx are half filled and exhibit the opening of a Mott-gap. Under DC current, it is experimentally known that the Mott gap is reduced, possibly originating from the reduction of the effective electron correlation U [35] . When U is reduced, it is proposed that the Mott gap first closes where the electronic state has a strong 2D character due to d yz /d zx hybridization. This strongly k-dependent gap closing results in highly dispersive (light mass) quasiparticles, which leads to strong diamagnetism.
The ground state of pure Ca 3 Ru 2 O 7 has a metallic character with a possible small gap in some parts of the Fermi surface [17, 36] . ARPES results indicate that the Fermi surface originates from quasi-1D d yz and d xz bands [37] . By Ti substitution, Ca 3 (Ru 1−x Ti x ) 2 O 7 becomes Mott insulating with gap opening in the whole Fermi surface [19] . Upon application of a DC current we expect the effective correlation to be weakened and hence the Mott gap to be reduced similarly to Ca 2 RuO 4 [35] . This picture is corroborated by the observed reduction of the resistivity shown in Fig. 1(a) . In this picture, the strong diamagnetism in Ca 3 (Ru 1−x Ti x ) 2 O 7 is ascribable to thermally excited quasiparticles with very light effective mass emerging when the Mott gap is about to close.
Important novel aspects are found in the diamagnetic state of Ca 3 (Ru 1−x Ti x ) 2 O 7 . Firstly, the current-induced diamagnetism occurs in a insulating state with much lower resistivity compared to Ca 2 RuO 4 . Secondly, diamagnetism in Ca 3 (Ru 1−x Ti x ) 2 O 7 coexists with the AFM ordering. This important difference may originate from the difference in the nearest-neighbor spin alignment: it is ferromagnetic within a Ru-O bilayer in Ca 3 (Ru 1−x Ti x ) 2 O 7 whereas it is G-type AFM in Ca 2 RuO 4 [28] . These differences should be taken into account when constructing a realistic model to describe the diamagnetism in Ca 3 (Ru 1−x Ti x ) 2 O 7 . In particular, possible interaction between the itinerant diamagnetism and localized AFM is an interesting issue to be explored. It is intriguing that current-induced diamagnetism is discovered in systems with different transport and magnetic characteristics, implying that it may arise in other SCES under the NESS condition.
To summarize, we demonstrated that the insulating state of Ca 3 (Ru 1−x Ti x ) 2 O 7 system can be electronically controlled by flowing electric current. Most importantly, the antiferromagnetic insulating state can be reversibly changed in situ to a diamagnetic state with a lower resistivity. The basic origin of the diamagnetism in Ca 3 (Ru 1−x Ti x ) 2 O 7 is believed to be caused by the light-mass carriers generated in the NESS. The present work reveals that DC current is a new control tool to control the physical properties of a variety of SCES, with the possibility of inducing novel states which are not accessible by conventional control parameters. 
